The measurement of solution-state conformational dynamics of small molecules is a challenging problem for numerous fields. Drug-design, mechanistic studies and understanding of intermolecular interactions are all reliant on the assessment of dynamic behaviour of flexible molecules in the solution state. Nuclear Overhauser effect (NOE) measurements in NMR spectroscopy are well established as a tool to determine stereochemical and conformational details of molecular structure. 1 We and others have recently defined the accuracy of quantitative NOE-distance analysis in both small molecules [2] [3] [4] and proteins, [5] [6] [7] thus providing more precise methods for probing the details of these. Herein, we report that even very small changes in small molecule conformational dynamics -such as those caused by temperature -can be quantified accurately in solution by NOE techniques. Traditionally, NMR data for small molecules from solutionstate measurements e.g. chemical shifts, coupling constants and NOEs, have been used to elucidate gross conformation. However, they have been considered less useful for drawing detailed structural conclusions such as the small population changes engendered by conformational dynamics in response to stimuli e.g. binding or changes in temperature, solvent, etc. Instead, such analyses rely on computation -specifically calculated conformer energies (and thus populations) in order to interpret results. While often applied, this reliance on energy calculations is ultimately unsatisfactory. Energies (and thus populations) calculated by standard computational methods, e.g. molecular mechanics or Density Functional Theory (DFT), struggle to achieve chemical accuracy. Indeed, only the most advanced composite computational methods, such as Gaussian-4, 8 can obtain energies considered to be accurate to much less than 1 kcal mol À1 and these can take days-to-weeks to complete and require high levels of expertise. This inaccuracy is a severe impediment for conformational analysis as even optimistic assumptions of accuracy in computed energies, say, AE2 kJ mol
À1
, could accommodate a range of conformer populations e.g. it could accommodate two conformers with 30 : 70 or 70 : 30 population ratios at room temperature, i.e. the population of each conformer could more than double or halve depending on the error in calculation. This has led to the use of quantitative NMR-based population analysis, exemplified by the NAMFIS (NMR Analysis of Molecular Flexibility In Solution) 9 approach exploited in the DISCON software package. With this in mind, we have recently demonstrated that interproton distance information obtained from NOE experiments in NMR spectroscopy can accurately assess the population of small molecule conformers in solution without relying on accurately calculated conformer energies. 3, 4 Indeed, in these cases conformer populations can be accurately refined on the basis of NOE-derived distances and calculated conformer geometries (which are computationally inexpensive) alone. We have further demonstrated the potential of high accuracy NOE-distance analysis for solving intractable stereochemical problems e.g. a doubly quaternary epoxide in the marine natural product conicasterol, 10 and conformational challenges such as highly flexible conformationally biased synthetic homologated alkanes.
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Herein we extend the limits of high accuracy NOE-distance determination in conformational analysis of small molecules by observing subtle temperature-induced changes in conformer populations in solution (o0.5%/10 1C).
The temperature dependence of NOE measurements in proteins, corresponding to substantial conformational changes, is well established in semi-quantitative fashion in a range of systems. H N distances can be quantitatively analysed using NOE/ cross-relaxation rates (based on fitting of the NOE build-up curves to derivations of the Solomon equation for three dipolar-coupled spins) in a deuterated example of the protein ubiquitin. 13 While highly accurate, these methods are complex both experimentally, requiring high levels of deuteration, and in terms of data analysis. They also rely heavily on the established nature of protein dynamics which is not conveniently or generally applicable to small molecules. In the realm of small molecules, there has been very little high accuracy NOE-assessment of temperature on conformational behaviour. Urakawa et al. reported on the effect of temperature on NOE-distance analysis of the conformational behaviour of the alkaloid cinchonidine, 14 however the data presented was not consistent with Boltzmann behaviour. Their NOESY-DFT fit analysis on increasing the temperature from 280 to 320 K suggested a decrease in ''open'' conformer populations from 83 to 70%, and a concomitant doubling of ''closed'' conformer populations from 17 to 30%. This is somewhat surprising as a simple Boltzmann analysis suggests that this 40 K temperature range should only change the populations from B78% to B73% (open) and B22% to B27% (closed) given the NOESY-DFT fit at 300 K (75% open, 25% closed) and whether this small effect should even be observable in the NOE data (which is only sensitive to short distances) of cinchonidine is not discussed.
To test the sensitivity of high-accuracy NOE-distance analysis to changes in small molecule conformational dynamics, we re-examined the report of Urakawa et al. 1D-NOESY spectra were acquired at 298 K and 323 K on quinine, which differs from cinchonidine only by the addition of a methoxy group, and has been shown to yield an analogous distribution of open and closed conformers. 15, 16 In line with our expectations, the changes in NOE intensities for protons in the conformationally mobile portions of quinine from spectra at 298 K and 323 K were minimal and no greater than those between protons in immobile portions, e.g. CH 2 units. This strongly suggests that the timeaveraged interproton distances change by much less than the inherent error in the NOE measurements and any temperature effects reported for cinchonidine previously were within experimental error of the NOE analysis performed (Urakawa et al. themselves suggest distance errors of AE10% for their data, which corresponds to B75% errors in NOE intensity). Consequently, it seems appropriate to apply high accuracy NOEdistance analysis to small molecule examples where temperature should be expected (vide infra) to induce measurable changes in the conformational distribution, in this case two examples -a synthetic lactone (5-methyl-4((E)-styryl)dihydrofuran-2(3H)-one) 1 and strychnine. Lactone 1 (Fig. 1) is a secondary metabolite produced by the Gammaproteobacterium Photorhabdus luminescens 17 but was generated by synthesis for this study. Rotation around the C4-C6 bond of 1 results in a number of conformers where the interproton distance between the ring proton H5 and the alkene proton H7 is either B4.0 Å or B2.2 Å. We have shown previously that this situation can give rise to very sensitive NOEdetection of conformer populations at room temperature. 4 A conformational search 18 at the MMFFs level found 12
conformers of 1 within 50 kJ mol À1 of the global minimum.
After DFT geometry optimisation (B3LYP/6-31g*) 19 6 conformers remained within 50 kJ mol À1 -differing in their torsion angles around the C4-C6 bond and the conformation of the 5-membered ring. The energies of these conformers were then subjected to zeropoint, thermal and entropic corrections and inclusion of solvation free energies (see ESI † for details). At this point only four of the conformers, 1a, 1b, 1c and 1d (Fig. 1) 20 showed linear build-up to around 800 ms, and therefore a mixing time of 500 ms was deemed sensible. We have previously demonstrated that NOEdistance analysis, using PANIC to correct for external relaxation effects, provides very accurate assessments of conformer populations at room temperature 3 -with equal or greater accuracy than standard DFT computational methods -hence, the populations of conformers 1a, 1b, 1c and 1d were recalculated Fig. 1 Labelled structure of lactone 1 (above) and low energy conformers (below) with H5 and H7 highlighted for clarity. (labelled 'NOE' in Table 1 ) so that the conformer-weighted NOEs fitted best with the NOE-derived distances at 25 1C (Table S6 , ESI, † Mean Absolute Error = 2.7%). The effective relative energies derived from the NOE-populations are also shown in Table 1 and all subsequent discussion and temperature analyses were performed using these NOE-derived relative energies and populations. Interproton distances for H5 were then examined across a temperature range of À15 1C to +45 1C by measuring the relative NOE intensities from H5 to H7, H6, Me12 and H3a at each temperature. The average H5-H7, H5-H6 and H5-H3a NOE-derived distances were calculated relative to the H5-Me12 distance (2.88 Å) which is constant in all conformers and is temperature-insensitive.
Based on the room temperature NOE-derived populations (and thus relative energies) in Table 1 , then increasing the temperature from À15 1C to +45 1C will change the populations for 1a, 1b, 1c and 1d from 84.5/4.2/9.5/1.8% to 76.8/6.8/13.0/ 3.4% respectively and thus decrease the time-averaged interproton distance between H5 and H7 from 3.78 Å to 3.55 Å (a change of 6.2%). On the other hand, the average H5-H3a and H5-H6 distances should be substantially less sensitive to temperature effects, with predicted changes of +0.01 Å and +0.02 Å (o1%) respectively.
In the event, the NOE-derived interproton distances for H5 of lactone 1 (Fig. 2) fit extremely well with the predicted trend, with the average H5-H7 distance decreasing by B5% from 3.74 Å to 3.55 Å as temperature increases from À15 1C to +45 1C. Meanwhile the H5-H3a and H5-H6 NOE-derived distances vary very little (o0.06 Å, o2%) across the same temperature range, within the expected 3% error bounds of each NOE-distance measurement -supporting the proposal that the H5-H7 NOEdistance changes are indeed derived from the perturbation of conformer populations.
Further confirmation of the sensitivity of NOE-distance analysis to subtle changes in conformer populations is provided by applying this same analysis to temperature effects on the interproton distances of strychnine. We recently reported a very low level second conformer of strychnine (Fig. 3) 4 based on the observation that the H11b-H23b intra-ring NOE-distance was B0.6 Å (15%) shorter than expected on the basis of X-ray crystallographic results 21 and DFT calculations. 22 The H11b-H23b distance for the minor conformer of strychnine was approximately half that of the major conformer (2.11 Å vs. 4.10 Å), and was assessed to have a population of B2% (corresponding to a 9-10 kJ mol À1 free energy difference) compared to the major conformer (Fig. 3) . This situation mirrors that of the lactone 1 example, vide supra, so increasing temperature should also cause a shortening of the H11b-H23b NOE-derived distance for strychnine. 1D-NOESY spectra were obtained across a temperature range of À30 1C to +45 1C for H23b of strychnine in toluene-d 8 , and measuring the relative NOE intensities for H11b and H22.
The H11b-H23b NOE-derived distance was calculated relative to the H23b-H22 distance, which is B2.39 Å for all temperatures studied. § The populations of the major and minor conformers were recalculated to give the best fit to the NOE-derived distances at 5 1C (98.0 : 2.0%) and all temperature analyses were subsequently performed on this basis. Increasing the temperature from À30 1C to +45 1C should thus correspond to a Boltzmann population change from 98.9/1.1% to 95.9/4.1%. This would decrease the NOE-observed interproton distance between H11b and H23b by 10.1% from 3.79 Å to 3.38 Å. Experimentally the NOE-derived distances across the temperature range of À30 1C to +45 1C (Fig. 4 ) fit very well with this predicted trend, falling by 11.8% from 3.80 Å to 3.35 Å over the 75 K temperature range, corresponding to a predicted population change of 99.2/0.8% to 96.6/3.4%. Due to the limited solubility of strychnine in toluened 8 and the increasing losses from relaxation at high temperatures, the H11b-H23b NOE data became very weak at the highest temperatures however the distance measured at each temperature was still reliably within the 3-4% error limits we have observed in studies of static molecular examples.
It is important to consider that the relative intensities of the NOEs also depend on the relative rates of molecular tumbling and conformer exchange (and both change with temperature). However, this will only substantially affect the experimental NOE-distance relationship if the conformer exchange rate is fast relative to the tumbling rate at some temperatures. 13 C T 1 measurements and molecular dynamics simulations were used to estimate the rate of molecular tumbling and conformer exchange rates respectively, for both 1 and strychnine, and suggest that conformer exchange is occurring substantially slower than overall molecular tumbling across all temperatures (see ESI, † for full details). Hence, the effects of the temperature change on the kinetics of the internal motion are not treated further here. Another source of potential perturbation by temperature is its effect on external relaxation for each NOE, however the use of PANIC-corrected, 20 rather than absolute, NOE intensities here implicitly largely corrects for external relaxation effectively minimising any temperature-induced contributions.
In conclusion, measurement of high accuracy NOE-distances allows the observation of very small temperature-induced conformational changes in solution, in good agreement with the expected Boltzmann behaviour. Such discrimination could have potential applications in examining detailed changes in molecular conformation in solution under a variety of circumstances e.g. intermolecular binding and changes in external conditions (solvent, temperature, pH). For fast tumbling small molecules, the limitations of this technique are primarily based in describing the conformational space of the molecule to be examined i.e. ensuring that conformational searching captures all contributing conformers, however this method has the substantial advantage that high accuracy energy calculations are not required in order to make quantitative interpretations of the populations of identified species.
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Notes and references ‡ The determination of interproton distances from NOE data is based on comparison of relative NOE intensities for pairs of spins in 1D-transient experiments. Full details of the method and analysis can be found in the ESI. † § The H23b-H22 distance is 2.39 Å in the major conformer and 2.51 Å in the minor conformer, but the contribution of the minor isomer affects the NOE-observed distance by o0.01 Å over the temperature range studied, hence is considered insensitive to temperature herein.
